The immunoglobulin free light chain (FLC) assay is an invaluable tool for following patients with oligosecretory plasma cell dyscrasia. Baseline values have also been shown to be prognostic in all plasma cell disorders tested. A looming question, however, is the role it should play in following myeloma patients with disease that is measurable using serum and urine electrophoresis. We used the data and stored samples from a mature Eastern Cooperative Oncology Group clinical trial (E9486) to assess serum levels of FLC at baseline and after 2 months of alkylatorbased therapy. For serial determinations, the absolute level of involved serum FLC or the difference of the involved and uninvolved FLC is preferred over the ratio of involved to uninvolved FLC. FLC response after 2 months of therapy was superior to early M-protein measurement to predict overall response. The ideal cut-point for FLC change appears to be between 40% and 50% reduction. 
Introduction
The free light chain (FLC) assay is a nephelometric measurement of kappa and lambda light chains that circulate as light chain monomers or dimers and that are not bound to immunoglobulin heavy chain. The quantitation of the kappa and lambda FLC and the calculation of the FLC / ratio are sensitive and specific for detection of excess monoclonal FLC. 1 Studies from populations of patients with nonsecretory multiple myeloma (MM), 2 light chain amyloidosis, [3] [4] [5] [6] light chain deposition disease, 1, 4 monoclonal gammopathy of uncertain significance, 7-9 plasmacytoma, 10 smoldering MM, 11 light chain MM, 12 and newly diagnosed MM 13, 14 have documented the sensitivity and prognostic utility of these assays and established their use as a complement to immunofixation.
In addition to its diagnostic use, the assay is being used for monitoring disease course in light chain amyloidosis, light chain deposition disease, nonsecretory MM, and light chain MM in which there may be a band detected on immunofixation that cannot be quantitated by protein electrophoresis. 3, 5, 6 Empiric definitions for "free light chain response" have been proposed for patients with amyloidosis in the Consensus Opinion from the 10th International Symposium on Amyloid and Amyloidosis 15 and for patients with MM in the International Uniform Response Criteria, 16 but have not been validated. Several questions remain regarding the use of FLC in patients with MM. First, what is the best definition of FLC response? Second, does early FLC decline predict best overall response, early paraprotein response, progression-free survival, or overall survival in patients with Bence Jones myeloma and/or those patients with intact immunoglobulin? Third, can serum FLC measurement replace the 24-hour urine protein electrophoresis as a measure of light chain response?
Methods

Patients
From February 1988 to May 1992, 653 patients from 36 Eastern Cooperative Oncology Group (ECOG) institutions were enrolled in treatment trial E9486, and their outcomes have been previously reported. 17 A total of 407 patients had matched sets of pretreatment and 2-month postserum samples available to run immunoglobulin FLC assays; 8 of these had nonsecretory disease and were excluded from this study, leaving 399 patients for the present study. Informed consent was obtained in accordance with the Declaration of Helsinki.
Eligibility and treatment details have been previously described. 17 In brief, to enroll in the treatment trial, patients were required to have previously untreated myeloma and measurable disease defined as either a serum M-protein greater than or equal to 10 g/L or urine monoclonal light chain excretion exceeding 200 mg in 24 hours or serially measurable soft tissue plasmacytomas or bone marrow plasmacytosis greater than or equal to 20%. Patients entering the study were stratified according to age, creatinine, M-protein type, and clinical stage, and randomized to 1 of the 3 study treatment regimens. The first regimen was VBMCP (vincristine, carmustine [BCNU], melphalan, cyclophosphamide, and prednisone), administered in 5-week cycles. The second regimen was VBMCP plus recombinant alpha-2 interferon. Patients younger than 70 years were also randomized to a third regimen, VBMCP and high-dose cyclophosphamide. Treatment was continued for a maximum of 2 years or until disease progression if the latter occurred first. patient paper forms (by M.S.), including only patients whose 2-month posttreatment research serum sample and urine sample were obtained before institution of a subsequent cycle. Two cycles of VBMCP with or without alpha-2 interferon were 70 days, and 2 cycles of VBMCP alternating with high-dose cyclophosphamide were 56 days.
Monoclonal protein measurements
The measurements for serum M-protein and urine M-protein were prospectively performed using serum and urine electrophoresis at each of the test centers enrolling patients, and these results were abstracted prospectively. The FLC assay (FREELITE, The Binding Site, Birmingham, United Kingdom) was retrospectively and centrally performed on a Dade Behring (Deerfield, IL) BNII automated nephelometer using 0.5 mL of stored thawed serum. This assay consists of 2 separate measurements: one to quantitate kappa FLC and the other to quantitate lambda FLC. In addition to reporting the kappa and lambda FLC, the assay report also contains the FLC / ratio (diagnostic range, 0.26-1.65). Patients with ratios more than 1.65 contain excess kappa FLC and are presumed to be producing clonal kappa FLC. Patients with ratios less than 0.26 contain excess lambda FLC and are presumed to be producing clonal lambda FLC.
Definitions
The involved FLC (iFLC) is defined as the actual value of serum immunoglobulin kappa FLCs in patients with monoclonal kappa plasma cells or of serum immunoglobulin lambda FLCs in patients with clonal lambda plasma cells. Two definitions for "measurable FLC" were tested: (1) an iFLC of greater than 0.1 g/L (10 mg/dL) 15, 16 and (2) an abnormal kappa-to-lambda ratio with a difference between involved and uninvolved FLC (dFLC) of at least 0.5 g/L (5 mg/dL). Seventy-one percent of patients satisfied the former definition and 80% the latter. Results were not significantly different, except where mentioned, and for the purpose of reporting the latter definition was used. Criteria for measurable disease by electrophoresis in the serum are an M-protein greater than or equal to 0.01 g/L and in the urine are greater than or equal to 200 mg/24 hours. 17 According to original clinical trial design, an objective response based on electrophoretic measurements required a 50% decrease in serum M-protein or, in patients lacking a serum M-protein, a 90% decrease in 24-hour urine M-protein. These criteria were the standard ECOG response criteria of period, rather than the European Group for Blood and Marrow Transplant 18 or the international uniform response criteria of the present day. 16 For FLC response, we used aspects of the definition published by Gertz et al 15 and Durie et al 16 An FLC response was defined as follows: A, a 50% decrease in the dFLC 16 ; or B, a 50% decrease in the level of iFLC (B1) 15 AND a 50% decrease in the ratio of involved to uninvolved FLC (rFLC; B2). The major difference between our application of this definition and its original intent is that FLC response is usually applied to those patients without measurable disease by electrophoretic methods; all of our patients had measurable disease by serum and/or urine electrophoresis.
Statistical methodology
For the purpose of analyses, the 399 patients were divided into subgroups. A priori they were parsed by how their disease was measurable by standard criteria 17 : measurable disease in their serum and urine (serum and urine patients, n ϭ 241), in their serum only (serum-only patients, n ϭ 103), or in their urine only (urine-only patients, n ϭ 55). All analyses were done for the total group as well as for each of these subgroups. For most analyses, patients were also split into groups based on whether they had normal (n ϭ 341) or abnormal (n ϭ 58) renal function defined as baseline serum creatinine greater than 2 mg/dL.
We evaluated each FLC response (conditions A, B1, and B2) for association with ECOG best overall response, 2-month paraprotein response, overall survival (OS), and progression-free survival (PFS). For each criterion, a Fisher exact test of proportions was performed to test for the association between FLC response after 2 cycles of treatment and standard electrophoretic response measurements. Two electrophoretic measurement endpoints were used. The first was paraprotein response after 2 months (contemporaneous to FLC measurement), and the second was the best overall response (using standard ECOG response criteria for objective response). Survival comparisons (OS and PFS) were performed using the 2-sided log rank test between FLC responders and nonresponders. The effect of change in FLC level between baseline and 2 months on OS and PFS was also modeled using Cox proportional hazards models, corrected for other prognostic factors (serum albumin, plasma cell labeling index, and beta-2 microglobulin), and stratified by treatment assigned.
To compare FLC assessment and monoclonal protein assessment for predicting ECOG overall objective response status, the performance of the 2 methods was compared based on the sensitivity and specificity for predicting ECOG overall objective response status. The risk value, or expected loss, which is a function of sensitivity and specificity and associated with each test, was used for comparison. If the risk with one test was less than for the other, then there was evidence that the one with lower risk was preferred. In the analysis, only the patients with both paraprotein and FLC information at 2 months are included, and equal weight was given for false positive and false negative. 19 To determine whether serum immunoglobulin FLC measurement could replace 24-hour urine M-protein (ie, urine light chain determination), the relationship of their behavior after 2 months of therapy compared with baseline was evaluated using the Spearman correlation. Percentage change of 24-hour M-spike and of 24-hour urine total protein was compared with percentage change of serum immunoglobulin FLC. This analysis was performed separately for patients with involvement in serum and urine patients, urine-only patients, and both. The analyses have been performed on the dFLC level, the iFLC level, and the rFLC (conditions A, B1, and B2).
Results
Patient characteristics
The characteristics of the 399 patients included in this study are shown in Table 1 . The median age was 63.1 years, and 65% of patients were male. Sixty percent of patients had both measurable serum and urine M-proteins, whereas 26% had only a serum M-protein and 14% had only a urine M-protein. There were no differences among the patient groups with the exception of a lower International Staging System (ISS) risk score in the serum-only patients (P Ͻ .001) and higher iFLC levels in the urine-only group (P Ͻ .001). Ninety-six percent of patients had an abnormal kappato-lambda FLC ratio.
In toto, 72% of patients eventually achieved an objective ECOG partial response as defined by M-protein reductions, and only one patient was considered unevaluable ( Table 2 ). The median time to response in responding patients was 3.4 months. The median PFS was 2.6 years (95% confidence interval [CI], 2.3-2.7), and the median overall survival was 3.7 years (95% CI, 3.4-4.0). Only one patient was lost to follow-up, and 95% have died during the monitoring period.
Does baseline FLC predict for overall or progression-free survival?
Baseline elevations in iFLC predicted for OS and PFS. An outcome-oriented method using log likelihood value was applied to find the best break point for predicting OS was done for the dFLC, and the best breakpoint was the value that coincided with the upper limit of the lowest tertile values. Patients were divided into tertiles; and regardless of the baseline variable used (ie, iFLC, dFLC, or rFLC), the patients with lowest tertile of FLC had the best outcomes compared with the 2 higher tertiles. The outcomes for the 2 higher tertiles were nearly identical. The OS and PFS curves for baseline dFLC are shown in Figure 1 . The respective median OSs For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From were 49.4, 42, and 42 months, and the median PFSs were 34.9, 28.7, and 29.5 months.
What happens to FLC after 2 months of therapy?
Not all patients were evaluable for FLC response because baseline levels were barely elevated. Eighty percent had an abnormal ratio with a dFLC of greater than 0.05 g/L, and their changes after 2 months of therapy are shown in Table 2 . The median percentage change in the absolute value of iFLC, rFLC, and dFLC was a reduction of 58% for all definitions. The greatest FLC reductions were seen in the urine-only group, and the largest discrepancy among results for the 3 definitions was in the serum-only group; the percentage reduction using rFLC in the serum-only group was different from the percentage reduction using iFLC or dFLC.
Do early changes in FLC predict for response?
After 2 months of therapy, patients who had a serum immunoglobulin FLC response were more likely to demonstrate significant reduction in their serum and urine M-proteins as measured by electrophoresis both at the same time point (Table 3) . However, only 23% (32 of 139) had achieved paraprotein response at this early time point. In contrast, 62% (86 of 139) had achieved an FLC response. The majority of early FLC responders converted into eventual overall responders 85% (155 of 183). Stated slightly differently, 69% of the overall responders had an early FLC response.
The same analyses were repeated splitting patients into those with normal and abnormal renal function. The effect that FLC response after 2 cycles of chemotherapy had on eventual overall response was less strong in the 49 patients with baseline creatinine levels greater than 2 mg/dL (data not shown). In this group, 81% of the overall responders had an early FLC response, and 83% of the early FLC responders had an eventual overall response.
By comparing the risk value, which is a function of sensitivity and specificity for overall ECOG response prediction, the FLC response performed better than the paraprotein response at 2 months for the overall population (risk value ϭ 0.30 and 0.48, respectively, P ϭ .001) and in those with measurable baseline FLC (Table 4 ).
What is the minimal level of iFLC to be deemed "evaluable" for response ? We considered 2 thresholds for baseline "evaluable" FLC: iFLC greater than 0.1 g/L and dFLC greater than 0.05 g/L in the setting of an abnormal FLC ratio. Using the first definition, 71% of the patients were considered "evaluable" compared with 80% when using the second definition. The sensitivity, specificity, negative Data are medians (range), except where specified. There were no differences among the groups with the exception of a lower ISS risk in the serum-only patients and higher involved FLC levels in the urine-only group.
NA indicates not applicable.
predictive value, and positive predictive value of FLC response predicting for eventual overall ECOG response were comparable whether the baseline definition of "evaluable" was dFLC greater than 0.05 g/L or the iFLC greater than 0.1 g/L. The characteristics of these 36 patients who were FLC "evaluable" only by the second definition were as follows: one had a creatinine greater than or equal to 176.8 mol/L; among the 35 remaining patients with creatinine less than 176.8 mol/L, 20 were serum and urine patients, 14 were serum-only patients, and 1 was a urine-only patient. In this subset, 17 were considered FLC responders and 18 were nonresponders.
What is the best definition for free light chain response?
The individual components of FLC response and the overall definition were applied. The FLC response rates after 2 months of therapy using definitions A (A, a 50% decrease in dFLC) and B (B, a 50% decrease iFLC AND a 50% decrease in the rFLC) were 58% and 43%, respectively (Table 2 ). In 85% of patients, there was agreement between definitions A and B, with definition A responders capturing all definition B responders. By dichotomizing each FLC measurement at 50% reduction, we explored which would be most predictive of ultimate overall †Percent change equals ϭ 100 ϫ (2-month Ϫ baseline)/baseline. For personal use only. on April 12, 2017. by guest www.bloodjournal.org From ECOG response in patients with intact measurable serum immunoglobulin: iFLC, rFLC, or dFLC. There were no significant differences among the 3 measurements, but the risk value of dFLC was the lowest. Moreover, when we compared the FLC response definition A to definition B, definition A performed better than definition B (risk ϭ 0.31 vs 0.36, P ϭ .009).
To further test the definition of FLC response, a receiver operation curve was constructed to discern the best cutoff for FLC reduction after 2 months of therapy to predict for best overall response ( Figure 2) . A dFLC reduction of 40% to 50% had the best performance. A 50% reduction had a sensitivity of 69% and specificity of 70%.
Is there a correlation between change of serum immunoglobulin free light chain and of urine M-protein?
We evaluated correlations of serum FLC and 24-hour urine total protein and 24-hour urine M-protein using those patients with "evaluable baseline iFLC" defined as iFLC greater than or equal to 0.05 g/L and an abnormal serum rFLC. After excluding the patients missing a second 24-hour urine, the number of patients with 24-hour urine total protein and 24-hour urine M-protein available for analysis was 148 and 101, respectively ( Table 5 ). The correlation coefficients between percentage change of serum immunoglobulin FLCs and urine M-protein ranged between 0.37 and 0.62. The absence of a strong correlation persisted regardless of whether the change in the absolute values iFLC, the dFLC, or the rFLC was used. An identical analysis was done using the "evaluable baseline iFLC" defined as iFLC greater than or equal to 0.1 g/L, and the results were no different (data not shown).
Because the FLCs are partially dependent on renal function, patients were split into groups with normal and abnormal renal function, but the correlation coefficients comparing changes in serum FLCs to 24-hour urine M-protein continued to run in the same range of 0.27 to 0.69. In addition, the same analyses were performed using the 24-hour urine total protein to account for the potential confounding factor introduced by variable gating of urinary M-proteins; however, the correlation coefficients were no better (Table 5 ).
Do changes of FLC after 2 cycles of therapy predict for overall or progression-free survival?
Although FLC response after 2 cycles of therapy predicted for eventual overall response, FLC response at 2 months did not (27) .061
Nonresponders 4 (29) 10 (71) *An FLC response is defined here as a 50% decrease in the difference between involved and uninvolved FLC levels.
†Limited data for serum and urine electrophoresis at 2-month time point reduce sample size to 139 patients.
‡Abnormal FLC is defined as abnormal ratio and baseline iFLC greater than or equal to 5 mg/dL. Results were similar if all patients included or if abnormal FLC was defined as patients with baseline involved FLC value of greater than or equal to 10 mg/dL (data not shown). Figure 2 . Receiver operator curve relating percentage reduction of dFLC* after 2 months of therapy to overall ECOG response. A total of 40% reduction 3 sensitivity 77% and specificity 68%; 45% reduction 3 sensitivity 75% and specificity 69%; and 50% reduction 3 sensitivity 69% and specificity 70%. FLC was expressed as difference between involved and uninvolved FLC, but the results were similar if absolute FLC used in place of the difference.
predict for OS or PFS regardless of which definition for FLC response was applied (data not shown) and whether or not the survival estimates were done as a univariate analysis or a multivariate analysis incorporating other prognostic variables, including treatment arm, plasma cell labeling index, beta-2 microglobulin, and albumin (data not shown). This held true if reductions were based on the 50% reduction rule or reductions by tertiles. Moreover, whether the cohort of patients with baseline iFLC greater than 0.1 g/L was used or the cohort defined by baseline abnormal ratio and dFLC greater than or equal to 0.05 g/L (5 mg/dL) was used, the results were similar, that is, FLC response did not predict for either OS or PFS.
Discussion
We have made several important observations about immunoglobulin FLC in a large, mature dataset of myeloma patients treated with alkylator-based therapy. We explored how best to use the FLC in nonoligosecretory myeloma patients, including: minimal values for FLC to be deemed "evaluable," best cut-point for FLC response, best use of involved and uninvolved FLC for measuring response, and relationship between the serial measurements of 24-hour urine protein and serum FLC. We also confirmed that elevations in baseline FLC are associated with poorer PFS and OS. 13, 14 Finally, we demonstrated that FLC response after 2 months of therapy is superior to early M-protein measurement to predict overall response but did not predict for OS or PFS.
In both the amyloidosis and the myeloma literature, a baseline value of iFLC of 0.1 g/L has empirically assigned as "measurable" or evaluable disease. 15, 16 We found that, on comparing that cut-point to a cut-point of 0.05 g/L in context of an abnormal FLC ratio, the second definition captured 9% more patients and that the performance characteristics of using early FLC response to predict for eventual overall response were comparable regardless of which definition was used to define the evaluable population. It was gratifying to find that the best predictor for overall response was a 45% to 50% reduction in the dFLC, justifying the 50% reduction empirically chosen by 2 consensus panels. 15, 16 Moreover, we demonstrated that the use of a 50% reduction in dFLC is preferred over a 50% rFLC alone and over a 50% reduction of iFLC contemporaneous with a 50% rFLC. This finding is not surprising.
Although the FLC ratio is an excellent predictor of prognosis in a number of plasma cell disorders 5, 6, [8] [9] [10] [11] and although it can help differentiate polyclonal rises in FLCs from monoclonal increases, 1 it is skewed by significant drops in the uninvolved FLCs that are induced by chemotherapy. 6 iFLC or dFLC is preferred over the rFLC for serial measurements.
We also demonstrated that, although there is a correlation between the changes of serum FLC and 24-hour urine M-protein, the degree of correlation found was insufficient to consider the tests interchangeable. One could argue that our negative findings are a function that the "gold standard" (the 24-hour urine M-protein) is an imperfect "gold standard" based on its dependency on patient technique and compliance with a proper 24-hour collection. This is certainly a possibility, but it cannot be proved or disproved by the present study or any study published to date. The burden of evidence must rest on the new test before current 24-hour urine M-protein measurements can be supplanted by the serum FLC measurement. Multiple investigators have shown that there is no correlation between serum FLC and urine M-protein, 21-23 but there are 2 publications that appear to contradict our findings. 21, 24 Both of these studies are limited by sample size and/or insufficient information regarding details of the analyses.
Finally, we confirmed that early FLC decline was predictive of ultimate response and that reductions in FLCs preceded that of intact immunoglobulin declines 25 but in a larger and more systematic fashion. The concept that an early reduction of immunoglobulin light chains is predictive of eventual response is not new. In 1982, McLaughlin and Alexanian found that 24-hour urine M-protein reductions predated intact serum immunoglobulin responses and were predictive of ultimate response. 26 They even suggested that "more frequent measurements of Bence Jones protein excretion, such as weekly after the start of chemotherapy, might have confirmed response and resistance trends even earlier in some patients." 26 van Rhee et al have made a contradictory observation in a cohort of 303 patients. 14 They demonstrated that early FLC reduction was predictive of worse PFS and OS. The discrepancy between the van Rhee et al study and ours may be the result of treatments (VBMCP in the present study and VDT-PACE [bortezomib, dexamethasone, thalidomide, cisplatin, doxorubicin, cyclophosphamide, and etoposide] in the Arkansas cohort) and timing of FLC measurement but more likely the result of methodology. As analyzed, the depth of early FLC reduction appears merely For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From to have been a surrogate for high baseline FLC, which has consistently been shown to be an adverse prognostic finding. 13, 14 After 2 cycles of VDT-PACE, 14 their FLC reduction tertiles were less than 75%, 75% to less than 96%, and 96% to 100%, with respective 24-month estimated survival rates of 91%, 93%, and 79%; however, if one does the math, none of the patients in the lowest baseline tertile and an undefined number in the second baseline tertile would be eligible to have a 96% reduction in iFLC without dropping below pathologic levels of iFLC. Even in their reanalysis of the data, the problem was not fully addressed because baseline iFLC was not included in the multivariate analysis that evaluated the role of depth of FLC response. 27 Therefore, according to their methodology, patients with low baseline iFLC (best prognosis patients) were destined to be "low responders." 28 So what role does serum FLC measurement play in patients with disease measurable by electrophoresis? Should the FLC assay be run each cycle to foreshadow ultimate response? Our study does not definitively answer these questions. The sensitivity and specificity of early FLC response for ultimate response were 61% and 87%, respectively, but response did not translate into improved PFS or OS. Historically, lack of progression rather than paraprotein response has been most predictive of OS. 29 The generalizability of early free light response demonstrated in our study may also be limited by the fact that VBMCP-like therapy is obsolete as induction therapy and that our analysis was restricted to only one time point after therapy. Our data do not inform on the value of serial FLC measurement to predict for early relapse. Although it has been shown that rising FLC predicts relapse sooner than do standard electrophoretic measurements, [30] [31] [32] the utility of this observation is uncertain because there are no data lending credence to the concept that earlier detection or treatment of relapse leads to better outcome.
In conclusion, it appears that the primary utility of immunoglobulin FLC in newly diagnosed myeloma patients with disease measurable by electrophoresis is of baseline prognostic value. Serial measurements in this cohort do not appear to have added value. If serial measurements are done, among changes in the absolute value of iFLC, the dFLC, and the rFLC, changes of the rFLC are least useful. 
